Abstract. We investigated the in vivo dynamics and analgesic effect of morphine using an adjuvant-induced arthritis (AA) rat as a model of chronic inflammation. Morphine generally binds to μ-opioid receptors in the brain to exert its effects. After several minutes, it is metabolized by glucuronidation via a UDP-glucuronosyltransferase (UGT).
Here, we showed that in AA rats, UGT activity in liver microsomes was reduced. Morphine-free serum fractions in AA rats were also decreased (control, 84 
.9%; AA, 63.9%) and the expression of ATP-binding cassette, sub-family B (MDR/TAP), member 1 (ABCB1), which plays a crucial role in morphine bile excretion, decreased to 23.0% that of the control group. However, we observed no significant difference between the AA and control groups regarding blood concentrations of morphine and morphine-3-glucuronide. In contrast, the analgesic effect of morphine increased 4-fold in AA rats. Our results showed that the pharmacokinetics of morphine is not changed, but the pharmacodynamics of morphine is enhanced in chronic inflammation
Morphine is commonly used to treat cancer-related pain and is also administered to control pain associated with inflammation. Inflammation and infection can modify the metabolism of numerous small molecules in both humans and rodents by altering the expression of proteins involved in the absorption, distribution, metabolism, and excretion of numerous drugs, resulting in significantly increased or decreased potency and toxicity.
Morphine metabolism is carried out primarily by UDPglucuronosyltransferase (UGT), an enzyme expressed in the liver, small intestine, brain, and other organs. In the rat, morphine is glucuronidated by UGT2B1, a UGT isozyme which has a specific affinity for morphine-3-glucuronide (M3G) (1) (2) (3) (4) . Once glucuronidated, the morphine conjugate is then transported to and excreted by the kidney (in urine) and liver (in bile). Morphine and M3G are substrates of ATPbinding cassette transporters belonging to the family multidrug resistance-associated proteins. Morphine is transported by P-glycoprotein, encoded by the ABCB1 gene, out of the brain capillary endothelium (5). M3G is transported across sinusoidal and canalicular membranes by several members of the ABC family, while morphine conjugates are transported by ATP-binding cassette transporters (ABC) C2 across the canalicular membrane into the bile and by ABCC3 across the sinusoidal membrane into the blood (6) .
In animal models, infection and inflammation are associated with immediate and often dramatic alterations in the expression of liver-derived proteins. These inflammationassociated changes, known as acute-phase responses, can augment the plasma concentration of various drugs (e.g. propranolol, verapamil, or vancomycin), with the potential for toxic side-effects.
The present study was, therefore, designed to examine the pharmacokinetics of morphine and M3G in a rat model of arthritis (AA) induced using complete Freund's adjuvant (CFA).
Animals. Male Lewis rats (7 to 10 weeks old; 170-200 g) were purchased from Sankyo Laboratory Animal Co., Ltd. (Hamamatsu, Japan). Rats were housed under a 12-h light/dark cycle with free access to food and water. All animal procedures were carried out in accordance with the standards set forth in the Guidelines for the Care and Use of Laboratory Animals at the Takara-machi campus of Kanazawa University, and the experimental protocol was approved by the Institutional Animal Care and Use Committee of Kanazawa University, Japan (approval number: AP-153355).
Preparation of AA rats. Adjuvant was prepared from 100 mg heatkilled Mycobacterium butyricum (Difco Laboratories, Detroit, MI, USA) suspended in 10 ml of incomplete Freund's adjuvant (SigmaAldrich). A volume of 0.6 ml of CFA mixture or 0.1 ml of vehicle (mineral oil) was injected into the base of the tail of fifteen male Lewis rats under ketamine anesthesia. To evaluate the level of inflammation, hind paw thickness and the behavioral pain assays (by von Frey test) were measured. Animals were studied at 14 days (chronic phase) after injection of the adjuvant. For chronic-phase arthritis, severe inflammation was observed in systemic sites with associated hyperalgesia, increase of hind paw swelling, and weight loss. Arthritis was not induced in normal control rats and they received only the vehicle.
Microsome preparation. Male Lewis rat liver microsomes were prepared as previously described (7) . Briefly, tissues were minced and rinsed in ice-cold homogenate buffer (0.1 M Tris-HCl, 0.1 M KCl, 1 mM EDTA, pH 7.4) and homogenized in three volumes of 100 mM phosphate buffer (pH 7.4) containing 0.25 M sucrose. The homogenate was centrifuged for 15 min at 9,000 × g. The supernatant was further centrifuged for 60 min at 105,000 × g. The resulting microsomal pellet was resuspended in 1 volume of TGE buffer (10 mM Tris-HCl, 20% glycerol, 1 mM EDTA, pH 7.4). Protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA) to adapt the assay from the standard-concentration range to a low-concentration (<25 μg/ml; 1-20 μg total).
Western blot analysis. Liver microsomal membrane proteins were extracted using the Mem-PER eukaryotic membrane protein extraction reagent kit (Thermo Fisher Scientific, Waltham, MA, USA) described as Kawase et al. (8) . The membrane proteins were mixed with sample buffer, heated at 100˚C for 5 min, and electrophoresed on a 10% polyacrylamide gel. Proteins were then transferred to a polyvinylidene fluoride membrane (Immobilon-P; Millipore Corporation, Billerica, MA, USA). Immunoblotting was carried out using the following primary antibodies: rabbit anti-ABCB1 (E1Y7S) (Cell Signaling, Danvers, MA, USA) and mouse anti-β-actin (clone B11V08) (Acris Antibodies, San Diego, CA, USA). Detection of immune complexes was achieved using horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibodies (KPL, Milford, MA, USA) and ECL Prime Western blotting detection reagent (GE Healthcare, Piscataway, NJ, USA). Relative chemiluminescence was quantified using Image Quant LAS 4000 (GE Healthcare Bioscience, Tokyo, Japan).
Morphine glucuronosyltransferase activity. Measurement of morphine glucuronosyltransferase activity was performed as described previously by Hara et al. (9) . Briefly, UDPGA was added to 0.2 ml of reaction buffer [50 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 , 5 mM UDPGA, 25 μg/ml alamethicin, 0.25 mg/ml microsomal protein, and 25-200 μM morphine]. Termination was achieved by addition of 0.1 ml ice-cold perchloric acid and incubated at 37˚C for 30 min. After removal of proteins by centrifugation at 10,000 × g for 5 min, components of the supernatant were separated by high performance liquid chromatography. Limits of detection of morphine and morphine 3-glucuronides were 5 fmol and 20 fmol, respectively. The Dixon plots were used to determine the type of inhibition. Kinetic parameters were determined by nonlinear regression analysis using SigmaPlot 13 (Hulinks, Tokyo, Japan). All experiments were performed in triplicate.
Analgesic effects of morphine. The analgesic effects of morphine were evaluated using the Von Frey test, as described previously by Shinoda et al. (10) . Briefly, the mechanical sensitivity of the plantar surface of the hind paw was assessed using Von Frey hairs. The von Frey hairs were pressed against the plantar surface of the hind paw and withdrawal response frequency was measured from five trials. Paw-withdrawal threshold was defined as the minimum pressure needed to evoke a response in at least 60% of the trials.
Tail flick test. tail flick tests were used to determine the loss of antinociceptive effectiveness of morphine. Animals were placed separately on an electrically-heated surface (55±1˚C). tail flick latency was measured by recording the time from the onset of heat stimulation to withdrawal of the tail from the heat source. To avoid injury to the tail, a cut-off time of 30 s was employed. The analgesic effect was expressed as a percentage of the maximum possible effect (MPE): % MPE=(post-drug threshold − pre-drug threshold)/ (maximum threshold − pre-drug threshold) ×100, where pre-drug threshold was the mean of the tail-withdrawal threshold in the salinetreated (vehicle) group, post-drug threshold was the tail-withdrawal threshold of each animal treated with drug, and maximum threshold was the cut-off value. The area under each effect-versus-time curve (AUC) was determined by trapezoidal integration and these were compared using Wilcoxon matched-pairs test.
Plasma protein binding. Plasma filtration was used to determine bound and unbound fractions of morphine. After incubation of the rat serum injectate solution at 37˚C for 5 min, 0.8 ml of the sample was transferred immediately to a Centrifree tube (Amicon Co., Danvers, MA, USA). The tube was then centrifuged at 1,500 × g for 15 min at 37˚C. The unbound fraction of morphine was estimated directly from the ratio of drug concentration in filtrate to the total drug concentration in the original injectate solution. The percentage of plasma protein binding was calculated based on the concentration of test compounds in the plasma and buffer chambers.
Data analysis and statistics.
A t-test or a one-way analysis of variance (ANOVA) was used to compare two or many groups, respectively (SPSS statistics 23; IBM Corp., Armonk, NY, USA). Some groups were more numerous because control groups were repeated and the data were pooled when there was no significant differences. Inter-group differences were analyzed by ANOVA. In all cases, the accepted significance level was p<0.05.
Results
Validation of AA rats and evaluation of systemic inflammation. We measured hyperalgesia (by von Frey test) ( Figure 1A ), hind paw swelling ( Figure 1B Figure 1C) in AA rats or rats treated with vehicle (control). In AA rats, we observed an increase in hyperalgesia, while swelling was seen on day 14 of adjuvant administration. The weight of AA rats was significantly reduced compared to that of the control group as of day 12. Symptoms common to systemic inflammation such as hyperalgesia, increase of hind paw swelling, and weight loss were confirmed in the CFA-administered group, which is consistent with previous reports (11, 12) . These results suggest that our rat model is valid with respect to induction of AA pathogenesis.
Effect of CFA-induced inflammation on UGT activity, ABCB1 protein expression, and serum protein binding of morphine.
Using morphine as a substrate, we determined the kinetics of UGT activity in control and AA rats in liver microsomes. In the AA rats, UGT activity, as well as its Vmax and Km ( Figure 2 , Table I ), decreased compared with those of the control group.
Liver ABCB1 levels were significantly lower in AA rats than in the control rats (Figure 3) . The morphine-free fraction was 84.9% in the control group and 63.9% in the AA rat model, and, in AA rats, and was significantly lower compared with that of the control group (Figure 4 ).
Morphine and M3G pharmacokinetics. We found that the plasma concentration of morphine was lower in AA rats than in the control group. However, the difference was not statistically significant. Furthermore, the AUC, mean residence time, total body clearance, and volume of distribution of morphine were similar between AA and control rats. Yet the elimination rate constant was higher in AA rats, but the difference again was not statistically significant. We found no difference between formations of M3G in either the AA or control groups ( Figure 5 ). Anti-nociceptive effect of morphine using tail flick test. In AA rats, the analgesic effect of morphine was maximal 30-60 min after administration and 30 min after administration in the control group. Morphine increased the MPE, and the peak of MPE at 60 min. The AUC of MPE in AA rats was found to be four times higher than that of the control animals ( Figure 6 ).
Discussion
Recently, chronic inflammation has been increasingly identified as a pathological condition common to various chronic diseases. The molecular mechanisms and pathophysiological significance of chronic inflammation have been intensively studied in arteriosclerosis, autoimmune diseases, obesity, cancer, and neurodegenerative diseases (13) . For example, in atherosclerosis, it has been observed that inflammation commences via complex cell-cell interactions of inflammatory cells such as macrophages in the blood vessel wall (13) . Therefore, this disease has been now widely characterized as a chronic inflammatory illness. Furthermore, serum levels of inflammatory cytokines are elevated in patients with severe heart failure, which correlates with its clinical severity. It has also been observed that prolongation of inflammation in atrial tissues is involved in the development of atrial fibrillation. Finally, inflammation has also been shown to play an important role in chronic kidney disease (CKD), as well as in type 2 diabetes and metabolic syndrome (13) . Previous studies have detailed the effects of inflammatory cytokines on drug-metabolizing enzyme activity and drugtransporter function. Cytochrome P-450 (CYP) expression levels have been shown to decrease after secretion of inflammatory cytokines such as Interleukin (IL)-1, IL-6, tumor necrosis factor α, and interferon in animal models of lipopolysaccharide (LPS)-induced inflammation (14) . It has been proposed that the regulation of CYP expression levels by cytokines occurs transcriptionally. For example, pregnane X receptor (PXR) and CYP3A expression levels were found to be decreased in the livers of mice treated with LPS (15) . Therefore, regulation of PXR expression by inflammatory cytokines might result in a decrease in CYP activity. However, multiple mechanisms might exist whereby inflammatory cytokines regulate gene expression, as CYP activity is decreased due to inflammation (16) . Additionally, several groups have reported on metabolic enzymes other than CYP. When LPS is administered to rats, the expression levels and activity of a flavin-containing monooxygenase decline, and this effect is restored by inhibiting nitric oxide (NO) synthase. Therefore, NO may be involved in regulating flavin-containing monooxygenase activity during inflammation (17) . A reduction in the expression levels of UGT has also been reported, while inflammatory cytokines have been shown to reduce drugtransporter function in both animal and human cellular models (18) . Similar to its effect on the expression of metabolic 
. Changes in relative protein levels of ATP-binding cassette transporters (ABC) C1 in microsomal proteins from livers of rats with adjuvant-induced arthritis (AA). Densitometric quantification of ABCC1 was performed and expression values were normalized to those of β-actin. Representative blots of two independent experiments are shown (n=3).
enzymes, the expression levels of solute carrier transporters such as the organic anion transporter and the organic cation transporter, are reduced by inflammatory cytokines (8) .
In this study, we showed that liver ABCB1 levels were significantly lower in AA rats. Kawase et al. decreased without change of total expression levels in AA rats and the interactions between radixin, which is involved in localization of some ABC transporters in canalicular membrane, and ABC transporters were decreased in inflammation in AA (19) . Modulation of the expression of metabolic enzymes and transporters, and changes in the pharmacokinetics of morphine metabolism have also been reported in several models of disease. In rats treated with streptozotocin, known to induce both diabetes and bile duct ligation-induced cholestasis (20) , expression levels of UGT2B1, ABCC2, and ABCC3 were found to be altered and biliary excretion of M3G was reduced. Additionally, plasma morphine concentrations were found to be lower in mice treated with streptozotocin compared with those of the control group. This effect was due to an increase in the distribution of morphine since albumin levels were comparable between the two groups. In this study, elimination of morphine and the elimination half-life were also similar. These results suggest that morphine levels may be lower in diabetic compared with non-diabetic patients and may explain, in part, why morphine is less potent in diabetic patients.
Non-alcoholic steatohepatitis (NASH) is the most severe stage of progressive nonalcoholic fatty liver disease (NAFLD) (21) . ABCC2 shares substrate specificity with ABCC3, which is a sinusoidal efflux transporter whose expression is increased in NASH, while the expression of a subset of UGT isoforms appears to be differentially regulated during NAFLD (21) .
Differences in the pharmacokinetics of several drugs in patients with rheumatoid arthritis and Crohn's disease have been reported. During inflammation, the plasma level of α1-acid glycoprotein, a protein known to bind a variety of drugs, increases, causing the release and clearance rate of these drugs to decrease, leading to an increase in blood concentration and in AUC. In agreement with this, patients with rheumatoid arthritis and Crohn's disease have shown decreases in free fractions of blood when treated with either propranolol, verapamil, or vancomycin (22, 23) .
In our AA rat model, we found that UGT activity decreased 25% compared with that of the control rats. Furthermore, we observed decreases in ABCB1 expression level in the liver. In addition, the morphine free serum fraction was 84.9% in the control group and only 63.9% in AA rats. Previous studies have suggested that α1-acid glycoprotein production increases due to inflammation (24) and that the protein binding rate of morphine, a basic drug, increases. However, in our study, inflammation reduced the activity of UGT and expression of ABCB1, and negatively affected the pharmacokinetics of morphine and its metabolite, M3G.
Although the pharmacokinetics of morphine did not change in AA rats, the analgesic effect of morphine was enhanced. It has been reported that in AA rats expression of μ-opioid receptors in the central nervous system and the analgesic effect of morphine increased (25) . These data corroborate our observation that in the presence of systemic inflammation induced by administration of an adjuvant, sensitivity to morphine was enhanced, likely by increased expression of μ-opioid receptors in the central nervous system.
We previously showed that glucuronidation of morphine is not inhibited even when diclofenac, which strongly inhibits UGT activity in vitro, is administered in combination with morphine in vivo (7) . In that study, glucuronidation of morphine was similar between mice treated with either diclofenac or vehicle, despite a decrease in UGT activity due to inflammation. These results suggest that UGT activity had no effect on morphine metabolism. Opioid-related adverse events occur in approximately 15% of patients postoperatively (26) . Morphine-related adverse reactions are generally associated with genetic polymorphisms in genes encoding factors related to morphine pharmacokinetics such as glucuronidation in the liver, elimination (efflux from blood-brain barrier), and pharmacodynamics (μ-opioid receptor) (27) . Our results suggest that side-effects related to elevated blood concentrations of morphine cannot be caused by inhibition of morphine-specific UGT activity.
